The income-achievement gap is a formidable societal problem, but little is known about either neurocognitive or biological mechanisms that might account for income-related deficits in academic achievement. We show that childhood poverty is inversely related to working memory in young adults. Furthermore, this prospective relationship is mediated by elevated chronic stress during childhood. Chronic stress is measured by allostatic load, a biological marker of cumulative wear and tear on the body that is caused by the mobilization of multiple physiological systems in response to chronic environmental demands.
A large, robust literature demonstrates a pervasive incomeachievement gap. Family income is a strong and consistent predictor of multiple indices of achievement, including standardized test scores, grades in school, and educational attainment. Family income matters to children's cognitive development (1) (2) (3) , with more enduring economic hardship particularly harmful (4, 5) . The income-achievement gap is already present by kindergarten and accelerates over time (6, 7) . The longer the duration of childhood exposure to poverty, the worse achievement levels become. Achievement test scores and school performance, however, do not inform us about what neurocognitive processes are influenced by childhood poverty. Furthermore, the voluminous income-achievement gap literature is silent on underlying biological explanations.
Here, we test 2 hypotheses. One is that childhood poverty will interfere with working memory in young adults. Working memory is the temporary storage mechanism that enables us to hold a small amount of information active over a short interval and to manipulate it. Working memory is essential to language comprehension, reading, and problem solving, and it is a critical prerequisite for long-term storage of information. The second hypothesis we test is that the prospective relationship between childhood poverty and adult working memory will be mediated by chronic stress exposure, (i.e., poverty 3 chronic stress 3 working memory). Farah and colleagues (8) found significant deficits in working memory between low-and middlesocioeconomic status (SES) kindergarten children and, in a second sample, between low-and middle-SES 11-year-olds (9) . In a third study of first-graders, SES was a significant predictor of working memory (10) . An important, missing component of this groundbreaking work is the underlying biological mechanisms to account for the SES-neurocognitive link.
Both animal and human studies reveal that working memory resides in the prefrontal cortex, although it is clearly influenced by hippocampal, and possibly amygdala, interactions with the prefrontal cortex as well (11) (12) (13) (14) . The human hippocampus and prefrontal cortex are each disrupted by chronic physiological stress (14) (15) (16) (17) . Chronically elevated physiological stress is a plausible model for how poverty could get into the brain and eventually interfere with achievement.
We measure chronic physiological stress by using allostatic load. Allostatic load is an index of cumulative wear and tear on the body caused by repeated mobilizations of multiple physiological systems over time in response to environmental demands (16, (18) (19) (20) (21) (22) (23) (24) . Allostasis is a dynamic and interactive set of multiple physiological systems of bodily equilibrium maintenance. According to allostasis theory, the body continuously adjusts its normal operating range in response to external requirements. These dynamic adjustments reflect downward regulation to maintain the organism's internal stability, but at levels more congruent with environmental conditions. The active, ongoing maintenance of internal equilibrium increases allostatic load, which reflects chronic wear and tear caused by the mobilization of resources to meet changing environmental exigencies. Overexposure to a combination of multiple, activated bodily response systems (e.g., neuronal, endocrine, cardiovascular) alters the ability of the body to respond efficiently to environmental demands. Longer, more frequent exposure to environmental stressors accelerates bodily wear and tear. Chronic and more intensive environmental stressors cause the body to mobilize multiple physiological systems to meet those demands, but at higher levels of activity. Conversely, when environmental demands are low, individuals who have had a higher allostatic load burden will be less efficient in turning off the multiple physiological resources marshaled to deal with chronic demands.
Interest in allostasis has risen primarily for 2 reasons. First, whereas singular physiological markers of adaptation to environmental demands (e.g., blood pressure) are modestly linked to various disease endpoints (e.g., coronary heart disease), the combined effect of singular physiological changes across multiple biological systems captured by allostatic load is substantially more predictive of disease outcomes (18) (19) (20) (21) (22) (23) (24) . Second, in addition to contributing to physical morbidity, chronically elevated allostatic load also influences neurological processes, particularly in the hippocampus and prefrontal cortex, that are capable of disrupting cognitive functioning. These neurological processes include altered neurotransmitter activity (e.g., dopamine, norepinephrine, glutamate), suppression of neurogenesis as well as elevated neurotoxicity, alterations in receptor binding sites (e.g., mineral corticoid, glucocorticoid), and morphological changes, such as dendritic remodeling and smaller hippocampal and prefrontal cortex volumes (14) (15) (16) (17) . Thus, chronically elevated allostatic load could lead to disturbances in working memory in human beings. To date, however, this has not been tested.
Thus, in this paper we bring together 2 separate research literatures, neurocognition and physiological stress, to address a major societal problem, namely, the income-achievement gap. Numerous investigators employing a wide array of study designs have uncovered consistent evidence of an income-achievement gap. Missing in this voluminous literature is evidence of underlying neurocognitive and biological mechanisms. We hypothesize that a plausible contributor to the income-achievement gap is working memory impairments in lower-income adults caused by stress-related damage to the brain during childhood. Fig. 1 depicts the relationship between the proportion of childhood from birth through age 13 years spent in poverty and chronic stress as measured by allostatic load over the same developmental period. Allostatic load is a marker of cumulative wear and tear on the body. As described in Materials and Methods, each singular indicator of physiological mobilization is dichotomized (0 ϭ no risk and 1 ϭ risk), with risk defined as the upper half of the values for the specific risk factor. Allostatic load is the simple sum of the 6 risk factors (resting blood pressure, overnight cortisol and catecholamines, and body mass index). As can be seen in Fig. 1 , the greater the proportion of a child's life growing up in poverty, the higher the degree of cumulative wear and tear on the body during his or her early lifetime [b ϭ 0.49
Results
The average levels of allostatic load (0-6) at ages 9 and 13 years were 2.59 and 3.08, respectively, for children who had never lived in poverty compared with those who had. This information and the data shown in Table 1 are for descriptive purposes only. All of the inferential analyses here maintained the continuous nature of the proportion of childhood growing up in poverty from birth through age 13 years.
As shown in Fig. 2 , the proportion of early childhood spent in poverty is also significantly related to working memory in young adulthood [b ϭ Ϫ1.01 (SE ϭ 0.44); P Ͻ 0.02]. The greater the proportion of life growing up in poverty from birth to age 13 years, the shorter the span of sequential information 17-year-old adults can accurately hold in their working memory. On average, adults raised in middle-income families could hold in working memory a sequence of 9.44 items, whereas adults who grew up in poverty had a working memory capacity of 8.50 items.
We then tested whether the significant relationship between childhood poverty and adult working memory could be explained, at least in part, by elevated chronic stress accompanying childhood poverty. The previously significant relationship between childhood poverty and adult working memory (b ϭ Ϫ1.01) became nonsignificant [b ϭ Ϫ0.77 (SE ϭ 0.45)] when childhood allostatic load was added to the regression equation for adult working memory. This reduction in the poverty b weight is highly significant [t (193) ϭ 2.57; P Ͻ 0.01]. Childhood poverty no longer predicts young adults' working memory capacity once chronic stress exposure is partialed from the covariance between childhood poverty and adult working memory. As expected, allostatic load during childhood significantly predicts working memory in young adulthood [b ϭ Ϫ0.47 (SE ϭ 0.16); P Ͻ 0.01]. Allostatic load was calculated with 0 ϭ no risk and 1 ϭ risk, wherein risk is defined as scoring in the upper 50th percentile for each of the following 6 components: Mean of 6 resting systolic BP readings after discarding the initial reading, Mean of 6 resting diastolic BP readings after discarding the initial reading, 12 hour overnight urinary cortisol/creatinine, 12 hour overnight urinary epinephrine/creatinine, 12 hour overnight urinary norepinephrine/ creatinine, and BMI.
Discussion
The vast literature on the income-achievement gap (1-7) raises important theoretical and practical questions. Grades and standardized test scores are distal indicators of underlying neurocognitive processes but offer no insight into the underlying biological mechanisms that may account for the incomeachievement gap. We integrated research from 2 research areas, neurocognition and physiological stress, to demonstrate that the greater the duration of childhood poverty from birth to age 13 years, the worse one's working memory as a young adult. This finding is consistent with work by the Farah laboratory showing that concurrent SES among elementary school children (8, 10) and middle school children (9) is inversely related to working memory. We build on this work in 2 respects. One, we demonstrate that the duration of childhood poverty is related prospectively to working memory performance later in life among young adults. Two, we show that allostatic load, an index of chronic stress (16, (18) (19) (20) (21) (22) (23) (24) , conveys a significant proportion of the covariation between childhood deprivation and an adult's working memory performance. The longer the period of childhood poverty, the higher the levels of allostatic load during childhood, and the greater the reductions in young adults' subsequent working memory (Figs. 1 and 2 ). Furthermore, elevated childhood allostatic load predicts working memory in young adults and, in turn, largely explains the prospective relationship between childhood poverty and these working memory deficits.
The finding that the longer the duration of childhood poverty, the greater the elevation in allostatic load (Fig. 1) , is congruent with previous research on SES and physical health. SES is inversely associated with cardiovascular and neuroendocrine markers of physiological stress in children (25) (26) (27) . Among adults, SES is consistently negatively associated with health across a wide range of diseases (28, 29) . Furthermore, of particular interest given the present results, emerging data suggest that the duration of childhood spent in poverty accumulates over time to adversely affect morbidity and mortality in later adulthood (30) (31) (32) .
Because the data in the present study are not from an experiment, it is important to consider alternative explanations for the pattern of results uncovered. One possibility is reverse causation, wherein memory loss mediates the poverty-allostatic load link (i.e., poverty 3 working memory 3 allostatic load) rather than allostatic load mediating the poverty 3 working memory relationship, as hypothesized in the current study. This alternative is unlikely. The relationship between duration of childhood poverty and working memory performance in young adulthood was significantly mediated by allostatic load, whereas the relationship between duration of childhood poverty and allostatic load was not attenuated when working memory was partialed from the equation. Subject selection effects are another alternative explanation worthy of consideration. Perhaps some omitted personal characteristic influences both working memory and economic circumstances. We evaluated the plausibility of selection effects by progressively adding into the initial poverty-working memory regression equation (Fig. 2) invariant personal characteristics, including sex, birth weight, and maternal age at childbirth, as well as maternal education and marital status at study onset. If selection bias was operating, then the magnitude of change in the b weight for poverty and working memory performance would be large as each respective invariant personal characteristic was added to the original regression model. However, we found negligible shifts in the b for poverty duration with the addition of each personal variable into the model.
Another strategy to strengthen causal inference with the present research design would be to include a measure of working memory earlier in childhood as an additional variable in the regression model. This type of research design would enable us to examine residual changes in memory performance at age 17 years as a function of childhood poverty. Because we assessed working memory in the third wave only (i.e., age 17 years) of this longitudinal study (Table 2) , we cannot conduct a longitudinal, prospective regression analysis, which would strengthen the causal evidence for the model we propose. Such a design could also inform us whether the adverse effects of early childhood poverty on working memory were already in place in early childhood and simply persisted throughout early adulthood, or whether the deficits continued to worsen into adulthood as the duration of poverty exposure increased over time. Farah and colleagues' work would suggest that poverty-related deficits were already in place during early childhood in the data here, because they uncovered significant associations as early as kindergarten (8) (9) (10) . Some indirect evidence is available in our data suggesting that the duration of early childhood poverty exposure is important for working memory deficits later on in life. Poverty status at either the first (age 9 years) or second (age 13 years) wave of data collection did not significantly predict working memory deficits at age 17 years. Only the duration of poverty during early childhood predicted subsequent working memory in young adulthood.
A third possibility is that some other underlying mechanism(s) in addition to allostatic load might account for the linkages uncovered between childhood poverty and young adult working memory. We were able to test 2 theoretically plausible alternatives, and neither proved tenable. First, we examined whether the significant relationship between duration of poverty and working memory could be accounted for by 2 different measures of parenting. Neither maternal sensitivity (i.e., responsiveness to child's emotional and instrumental needs) nor a standard classification of parenting styles (i.e., authoritarian, indulgent, indifferent, authoritative) mediated the poverty-working memory link. Second, we examined whether maternal stress might explain the poverty-working memory association. It did not. Nevertheless, other pathways in addition to chronic stress might also account for the working memory sequelae of childhood poverty uncovered in the present study.
In addition to testing for alternative mechanisms that might help explain the link between childhood poverty and adult working memory, an important extension of the present study would be to examine in more detail how early disadvantage gets into the brain to disrupt neurological mechanisms (33) (34) (35) . Animal models and human brain imaging work in organisms exposed to chronic stress show altered neurotransmitter activity and suppression of neurogenesis, as well as dendritic remodeling and volume reduction in the hippocampus and prefrontal cortex (14) (15) (16) (17) . Given the functional and morphological interactions between the hippocampus and prefrontal cortex, it is difficult to parse out the specific role of each of these brain structures in the income-related deficits in working memory uncovered in the current study. An important adjunct to the present study would be an examination of chronic poverty, allostatic load, and long-term, declarative memory, which resides in the hippocampus. Work indicates that allostatic load among elderly individuals predicts declines in general cognitive functioning, although this composite index did not include working memory (21) . Additional research is necessary to more precisely model which neurological processes are disrupted by chronic physiological stress and how these disruptions may, in turn, produce specific neurocognitive deficits.
The income-achievement gap is an important societal problem. Childhood poverty is a well-established risk factor for cognitive competency as well as for physical morbidity throughout the life course. We show that these 2 outcomes of childhood poverty are interrelated. The prospective association between the duration of childhood poverty and adult working memory appears to be explained in part by elevated chronic stress during childhood.
Materials and Methods
Participants were 195 Caucasian young adults [mean (M) ϭ 17.29 years, 50% female] with complete data on duration of childhood poverty exposure, allostatic load, and working memory. They were part of a longitudinal study on rural poverty, cumulative risk, and children's development (36) . Approximately half of the sample grew up below the poverty line (an income-to-needs ratio Յ1, which is the U.S. official poverty line based on an annually adjusted, per-capita index), and the other half grew up at levels Ϸ2-4 times the poverty line, the income level of the majority of American families.
Duration of childhood poverty was defined as the proportion of months from birth through age 13 years the participant had grown up at or below the poverty line. Poverty was operationalized in this way because the duration of childhood deprivation, rather than the timing of poverty exposure, appears particularly critical for cognitive achievement (4, 5) . Furthermore, rural poverty, unlike urban poverty, tends to be quite stable, thus precluding the assessment of specific critical periods for childhood exposure to material deprivation. Finally, we assessed poverty exposure in this manner because allostasis theory emphasizes the duration of chronic environmental demands as the key precipitating factor in wear and tear on the body.
Allostatic load was calculated to capture physiological activity across a range of physiological response systems and included cardiovascular, hypothalamic pituitary adrenocortical axis, sympathetic adrenal medullary system, and metabolic activity. Resting blood pressure was calculated with automated readings (Dinamap Model Pro 100, Critikon) taken every 2 minutes while the subject sat quietly. The mean of the second through seventh readings was used as the index of basal blood pressure (37) . Overnight urine was collected from 8 PM on the evening of the experimental protocol to 8 AM the next morning. Epinephrine and norepinephrine were assayed by HPLC with electrochemical detection (38) and cortisol with a radioimmunoassay (39) . Creatinine was included as a statistical control for the neuroendocrine assays. Body mass index was calculated as kg/m 2 . Allostatic load (0 -6) was calculated by summing the number of physiological parameters (resting diastolic and systolic blood pressure, overnight epinephrine, norepinephrine, cortisol, and body mass index) for which the participant scored above the median (0 ϭ -1st to 50th percentile; 1 ϭ Ͼ50th percentile).* Empirical investigation has shown that this simple, additive model of allostatic load across multiple physiological systems predicts morbidity and mortality endpoints better than either singular components of allostatic load (e.g., resting systolic blood pressure) or compared with other ways to measure aggregate activity across multiple physiological systems, such as weighted models or profiles of various combinations of the different components of allostatic load (18 -24) . Each individual physiological component of allostatic load was measured at age 9 years and again at age 13 years, with allostatic load calculated separately at each age. Chronic childhood allostatic load was then calculated as the mean of allostatic load at ages 9 and 13 years. The mean was used to best capture the accumulative effect of chronic stress during childhood on subsequent working memory in young adulthood.
Working memory was assessed at age 17 years only and was not included in either of the experimental protocols at age 9 years or 13 years. Working memory was measured by the subject's ability to recall a sequence of stimuli presented on a touch pad divided into 4 quadrants. Each sequence began with 1 stimulus signal. In the initial trial, 1 of 4 monochromatic panels on the touch pad was lit with a corresponding unique tone for 500 msec. The subject's task was to recall, in order, each of the stimuli that had been displayed thus far on the touch pad. The subject did this by tapping each panel in the correct sequential order as he or she recalled it. Thus, in trial 1, the subject tapped the panel location of the single signal (light and tone) he or she had just been exposed to immediately after the light and tone were extinguished. For each subsequent trial, 1 additional panel was activated randomly. Thus, in trial 2, the subject had to recall the correct sequential order of *Typically, allostatic load is the summation of each physiological risk factor defined as 1 Ͼ upper 25th percentile of values, and 0 ϭ all other values of the variable. We defined risk here as Ͼ50th percentile because approximately half of the individuals in our sample are low-income children. If we calculate allostatic load by using the traditional upper quartile cutoff, the same statistically significant patterns of results occur. Duration of poverty was measured every 6 months. For details regarding the calculation of allostatic load, see Table 1 . Working memory was calculated using the mean of 2 trials on the Simon game. X, age at which data was collected; -, no data collection.
2 prior stimuli. The maximum number of stimuli the subject could recall in the correct sequential order was the index of working memory. Before the onset of the test session, subjects completed a practice run to ensure they understood the procedure. Participants then completed 2 different sessions of the working memory task, with a 1-hour interval between the 2 sessions. Working memory was the average performance across these 2 separate sessions. Table 2 summarizes the design and methods of the study.
